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Influence of extratropical stratosphere water vapor on 
global climate 

Solomon et al. 2010, Science: 
•  An increase of water vapor during 

1980-2000 could have increased 
global warming by 30%, whereas a 
decrease of stratospheric water 
vapor have slowed the warming by 
25% since 2000. 

Dessler et al. 2013: PNAS 
•  Stratospheric water vapor 

feedbacks contributes ~0.3 W/
(m2K), 1/3 from increase of water 
vapor entering the stratosphere in  
the tropics; 2/3 from that entering 
the stratosphere from the extra 
tropics. 
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Ge9leman	  et	  al.	  2010:	  	  
•  18	  Coupled	  Chemistry-‐climate	  models	  project	  an	  increase	  of	  

stratospheric	  water	  vapor	  in	  both	  tropics	  and	  extratropics	  (0.5-‐1	  ppmv/
century	  due	  to	  1	  K/century	  increase	  in	  cold	  point	  temperature	  (CPT)	  .	  

•  Many	  models	  and	  the	  mul.-‐	  model	  mean	  can	  now	  broadly	  reproduce	  
recently	  observed	  decreases	  in	  (tropical)	  lower	  stratospheric	  water	  
vapor,	  likely	  related	  to	  SST	  variability.	  	  

2008]. Thus CCMs can translate surface forcing into lower
stratospheric water vapor changes.
[62] Future changes in water vapor just above the cold point

are illustrated in Figure 17. Also illustrated in Figure 17 are
multiple ensembles from WACCM (3) and CMAM (2),
confirming that their future trends are different from each
other, but consistent across the same model ensemble
members. Models generally indicate that water vapor in the
lower stratosphere will increase. Most model future trends
are from 0.5–1.0 ppmv per century, or nearly 25%. These
future trends are affected very little by methane oxidation at
80 hPa, so that is unlikely to be a cause of these future
trends. This is consistent with the magnitude of future TCPT
trends, and future temperature trends of 0.5–1K per century
at 193K translate into a 0.5–1 ppmv per century increase in
water vapor. Models with larger future temperature trends,
or a stronger correlation between water vapor and temper-
ature, indicate larger future increases in water vapor. This is
true for example of ULAQ and CMAM (large T increase) as
well as MRI, CNRM‐ACM and CCSRNIES (strong depen-
dence of H2O on T). SOCOL indicates a large change in water
vapor, without a large change in temperature. Note that
UMUKCA models (fixed water vapor) and GEOSCCM
(output problem with water vapor) are not included in the
analysis of REF‐B2. Future water vapor trends are also
illustrated in Figure 18, indicating larger water vapor trends in
the upper tropical troposphere at the convective outflow level
near 200 hPa.

5.3. Tropopause Relative Trends
[63] Radiatively active tracers such as H2O and O3 exhibit

large gradients across the tropopause. The radiative response
to changes in these tracers is therefore expected to be highly
sensitive to the detailed structure of the trends of H2O and
O3 in the global UTLS [Randel et al., 2007]. Generally, one
expects the trends in absolute (e.g. pressure) coordinates to
be affected by tropopause height trends. Therefore we show
two sets of future trends, in absolute coordinates as well as
in tropopause‐based coordinates to highlight the sensitivity
of trends to the tropopause. Trends are calculated based on
the zonal monthly mean output with respect to the tropo-
pause obtained from the zonal monthly mean temperature
data.
[64] Figure 18 shows multi‐model ensemble of annual

mean trends of O3 (Figure 18, top) and H2O (Figure 18,
bottom) for the period 1960–2100 based on the 9 REF‐B2
models with data from 1960–2100. Models included
are: CAM3.5, CCSRNIES, CMAM, LMDZ‐repro, MRI,
SOCOL, ULAQ, UMSLIMCAT, and WACCM. Figure 18
(left) shows future trends in conventional (absolute)
coordinates whereas Figure 18 (right) shows future trends in
tropopause‐based coordinates. The latter are obtained by
first calculating the decadal shift in tropopause pressure
followed by shifting the decadal changes of the respective
field (O3 or H2O) to a reference tropopause pressure. The
shift in the tropopause is shown on Figure 18 (left). Here, the
average over the period 1960–1980 is used as reference state.

Figure 18. Multimodel mean trends in (top) O3 and (bottom) H2O in (left) pressure and (right) tropo-
pause coordinates. Shading indicates the 95% significance level. For H2O, the calculated trends are sig-
nificant at the 95% level. Dotted lines in each plot denote the tropopause with the lower line
corresponding to the reference period (1960–1980) and the upper line corresponding to the year 2100.
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Figure	  1.	  Time	  series	  of	  H2O	  anomalies	  (unit:	  ppmv)	  in	  the	  NH	  (20-‐70N)	  and	  SH	  
(20-‐70S)	  at	  390K;	  Boulder	  Balloon	  observaEons	  (390-‐450K	  average).	  

However,	  reanalysis,	  satellite	  and	  in	  situ	  data	  have	  shown	  rather	  	  
large	  discrepancies	  in	  variability	  of	  the	  water	  vapor	  in	  the	  

extratropical	  lower	  stratosphere:	  

NH	  (20-‐70N):	  	  
•  Boulder	  balloon	  sound,	  ERA-‐I	  

and	  WCAM	  show	  an	  increase	  
of	  water	  vapor,	  also	  IPCC	  AR5	  
shows	  1.0±0.2	  ppm	  over	  
16-‐26Km	  for	  1980-‐2011.	  

•  Combined	  satellite	  data:	  no-‐
trend.	  

SH	  water	  vapor	  	  	  
•  ERA-‐I:	  increasing	  water	  vapor	  
•  Merged	  satellite	  data:	  

decreasing	  trend	  

Boulder	  

Satellite	  
ERA-‐I	  

WCAM	  



•  How	  reliable	  is	  the	  future	  projec.on?	  

– How	  well	  can	  current	  climate	  models	  capture	  
water	  vapor	  variability	  in	  the	  extratropical	  
stratosphere?	  

– How	  well	  can	  we	  observe	  and	  understand	  water	  
vapor	  variability	  and	  change	  in	  the	  extratropical	  
stratosphere?	  

	  



Observa.ons,	  reanalysis	  and	  models:	  	  

Ø  SWOOSH	  (monthly,	  1984-‐present,	  water	  vapor	  data	  from	  the	  
SAGE	  II,	  UARS	  HALOE,	  UARS	  MLS,	  and	  Aura	  MLS	  satellite	  
instruments);	  

Ø  Boulder	  Balloon	  (40N,	  1980-‐present);	  

Ø  Reanalysis:	  ERA-‐Interim	  (1979-‐present),	  MERRA	  (1979-‐
present)	  

Ø Models:	  WACCM4,	  GISS	  ModelE	  historical	  simula.ons	  



What	  could	  cause	  the	  data-‐model	  
discrepancy?	  

•  Uncertainty	  in	  cross-‐tropopause	  transport?	  

•  Uncertainty	  in	  changes	  of	  tropopause	  temperature	  
and	  convec.ve	  transport?	  
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SH	  extratropical	  LS	  water	  vapor	  varia.ons	  is	  controlled	  by	  the	  
local	  cold	  points	  and	  water	  vapor	  variability	  in	  the	  tropics.	  	  

Reproduced	  by	  MLS	  follow	  Randel	  2002?	  

distinction is that the global stratospheric overturning cir-
culation is upward in the tropics and downward in the
extratropics, which fundamentally influences background
reservoirs for STE. In recent years it has been recognized
that the tropical boundary between the troposphere and
the stratosphere is more appropriately viewed as a layer
extending over several kilometers [Atticks and Robinson,
1983; Highwood and Hoskins, 1998; Fueglistaler et al.,
2009].
[4] The Ex‐UTLS region is marked by transitions in

chemical constituents that result from transport and mixing
and interact with radiation. Gradients in ozone (O3) and
water vapor (H2O) across the region are strong and opposite
(ozone concentrations are low in the troposphere, and water
vapor concentrations are low in the stratosphere). STE mass
exchange is a two‐way process that in the net mixes ozone
down‐gradient from the stratosphere into the upper tropo-
sphere, where it has an impact on the ozone budget of the
troposphere [e.g., Roelofs and Lelieveld, 1996].
[5] Because the Ex‐UTLS encompasses a local tempera-

ture minimum and is the uppermost region where clouds may
form, radiatively active trace species, aerosols and clouds
(especially cirrus) in the Ex‐UTLS have strong potential
radiative forcing [Tuck et al., 1997]. While radiative time
scales in the Ex‐UTLS are relatively long, there can be sub-
stantial impact on tropospheric climate and surface temper-
ature from Ex‐UTLS ozone [Forster and Tourpali, 2001] and
water vapor [Forster and Shine, 2002; Solomon et al., 2010].
Perturbations to the local radiative balance can in turn couple
to the dynamical structure by altering the temperature profile,

winds (through the thermal wind relation), and the static
stability of the region.
[6] The Ex‐UTLS is also linked to dynamical coupling of

the troposphere and stratosphere. The stratospheric circula-
tion is primarily driven by the upward propagation and
dissipation of large‐ and small‐scale waves originating in
the troposphere, and the details of propagation/dissipation
are tied to UTLS static stability and wind profiles [Chen and
Robinson, 1992; Shindell et al., 1999]. The stratosphere has
also been shown to provide long‐range forecast predict-
ability for the troposphere [Baldwin and Dunkerton, 2001]
through wave dynamics coupled with so‐called annular
modes [e.g., Shepherd, 2007].
[7] Finally, significant decadal‐scale trends have been

observed in the Ex‐UTLS region, likely associated with
anthropogenic radiative forcing of climate [Santer et al., 2003;
Seidel and Randel, 2006]. By the end of the 21st century,
climate change is predicted to substantially change UTLS
ozone distributions through changes in stratospheric trans-
port, with a potentially strong feedback on radiative forcing
and STE [Hegglin and Shepherd, 2009]. Mitigation of anthro-
pogenic radiative forcing through “planetary radiation manage-
ment” (or “geoengineering”) [Crutzen, 2006] could potentially
be implemented through enhancement of the stratospheric
aerosol layer [Tilmes et al., 2009]. Thus it is critical to under-
stand the processes governing the Ex‐UTLS and how they
might change.
[8] In this review we first describe the basic structure of the

Ex‐UTLS and the surrounding region (section 2). We then
describe recent work on the analysis of the tropopause

Figure 1. Schematic snapshot of the extratropical UTLS using data from a Northern Hemisphere section
along 60°W longitude on 15 February 2006. Wind contours (solid black lines 10 ms−1 interval), potential
temperature surfaces (dashed black lines), thermal tropopause (red dots), and potential vorticity surface
(2 PVU: light blue solid line). Illustrated schematically are the Ex‐UTLS (dark and light blue shading),
ExTL (dark blue shading), clouds and fronts (gray shading), static stability contours in the TIL (green
shading), quasi‐isentropic exchange (red wavy arrows), cross‐isentropic exchange (orange wavy arrows),
and the Brewer‐Dobson Circulation (deep, red solid outline; shallow, dotted solid outline).
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NH	  extratropical	  LS	  water	  vapor	  varia.ons	  is	  mainly	  controlled	  
by	  cross-‐tropopause	  transport	  within	  extratropics.	  	  
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that the tropical boundary between the troposphere and
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1983; Highwood and Hoskins, 1998; Fueglistaler et al.,
2009].
[4] The Ex‐UTLS region is marked by transitions in
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and interact with radiation. Gradients in ozone (O3) and
water vapor (H2O) across the region are strong and opposite
(ozone concentrations are low in the troposphere, and water
vapor concentrations are low in the stratosphere). STE mass
exchange is a two‐way process that in the net mixes ozone
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(especially cirrus) in the Ex‐UTLS have strong potential
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scales in the Ex‐UTLS are relatively long, there can be sub-
stantial impact on tropospheric climate and surface temper-
ature from Ex‐UTLS ozone [Forster and Tourpali, 2001] and
water vapor [Forster and Shine, 2002; Solomon et al., 2010].
Perturbations to the local radiative balance can in turn couple
to the dynamical structure by altering the temperature profile,

winds (through the thermal wind relation), and the static
stability of the region.
[6] The Ex‐UTLS is also linked to dynamical coupling of

the troposphere and stratosphere. The stratospheric circula-
tion is primarily driven by the upward propagation and
dissipation of large‐ and small‐scale waves originating in
the troposphere, and the details of propagation/dissipation
are tied to UTLS static stability and wind profiles [Chen and
Robinson, 1992; Shindell et al., 1999]. The stratosphere has
also been shown to provide long‐range forecast predict-
ability for the troposphere [Baldwin and Dunkerton, 2001]
through wave dynamics coupled with so‐called annular
modes [e.g., Shepherd, 2007].
[7] Finally, significant decadal‐scale trends have been

observed in the Ex‐UTLS region, likely associated with
anthropogenic radiative forcing of climate [Santer et al., 2003;
Seidel and Randel, 2006]. By the end of the 21st century,
climate change is predicted to substantially change UTLS
ozone distributions through changes in stratospheric trans-
port, with a potentially strong feedback on radiative forcing
and STE [Hegglin and Shepherd, 2009]. Mitigation of anthro-
pogenic radiative forcing through “planetary radiation manage-
ment” (or “geoengineering”) [Crutzen, 2006] could potentially
be implemented through enhancement of the stratospheric
aerosol layer [Tilmes et al., 2009]. Thus it is critical to under-
stand the processes governing the Ex‐UTLS and how they
might change.
[8] In this review we first describe the basic structure of the

Ex‐UTLS and the surrounding region (section 2). We then
describe recent work on the analysis of the tropopause

Figure 1. Schematic snapshot of the extratropical UTLS using data from a Northern Hemisphere section
along 60°W longitude on 15 February 2006. Wind contours (solid black lines 10 ms−1 interval), potential
temperature surfaces (dashed black lines), thermal tropopause (red dots), and potential vorticity surface
(2 PVU: light blue solid line). Illustrated schematically are the Ex‐UTLS (dark and light blue shading),
ExTL (dark blue shading), clouds and fronts (gray shading), static stability contours in the TIL (green
shading), quasi‐isentropic exchange (red wavy arrows), cross‐isentropic exchange (orange wavy arrows),
and the Brewer‐Dobson Circulation (deep, red solid outline; shallow, dotted solid outline).
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Figure	  3.	  ParEal	  Least	  Square	  lagged	  regression	  between	  H2O	  anomalies	  at	  390K	  over	  Asian	  monsoon	  
region	  (leS)	  and	  North	  American	  monsoon	  region	  (right)	  with	  zonal	  mean	  H2O	  using	  MLS	  daily	  data	  from	  
2005-‐2013.	  Black	  dots	  represent	  the	  correlaEon	  is	  95%	  significant	  using	  bootstrap	  calculaEons.	  
	  

Rela.ve	  importance	  between	  Asian	  
and	  N.	  American	  monsoon:	  

SCHWARTZ ET AL.: H2O IN THE LOWERMOST STRATOSPHERE
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Figure 2. (a) Frequency with which 100 hPa H2O exceeds
8 ppmv in 8 years of MLS observations. The light-blue color
corresponds to one observation in a 3° latitude by 5° longi-
tude bin in the record. (b) The highest 100 hPa H2O values
observed in the 8 year record.

Kasatochi in August 2008. In each of these regions, the high-
est observed mixing ratios are far outside the 8 year mean
distribution, in some cases by more than 10 ! , but quality
metrics show the retrievals to be internally consistent, and
the geographic and seasonal (see below) clustering of these
measurements argues that, while they are indeed outliers,
they are not spurious.

[7] Global, zonally averaged, 100 hPa H2O at 26°N–49°N
(the latitude range of the NA region) has a 1.6 ppmv
annual cycle, peaking in September, about an annual
mean of 4.5 ppmv, with monthly standard deviations of
0.5–0.8 ppmv. This background is a manifestation of the
poleward propagation through the LMS in both hemispheres
of a wet anomaly originating in the August–September
northern tropics, sometimes referred to as the “horizontal
tape recorder” [Rosenlof et al., 1997; Sandor et al., 1998;
Stone et al., 2000; Randel et al., 2004].

[8] The 100 hPa time series in the NA region, shown in
Figure 3a, has an additional distribution of summer H2O
outliers that peak in the gray-shaded months of July and
August. Outlier distributions in AMA and SA also peak
in (local) summer, in July–August and January–February,
respectively, although the zonal-mean background at the lat-
itude of SA peaks in October. Of the 14 100 hPa H2O
observations that are above 12 ppmv among the 107 obser-
vations of the global 8 year MLS record, 10 are in the
NA box, all but one of which are in July or August and
all but one of which are in 2010–2012. Of the other four,
two are in AMA in August 2005 and 2007, and two are
in SA in January 2010 and February 2012. The cluster-
ing of the western-hemisphere outliers in the last 3 years
of the record is noteworthy, and there is no indication that

non-atmospheric effects, such as instrumental degradation,
account for this prevalence.

[9] NA H2O at 82.5 hPa (not shown) has a 1.2 ppmv peak-
to-peak seasonal cycle about a 4.3 ppmv mean, with monthly
standard deviations of 0.4–0.7 ppmv. As at 100 hPa, sum-
mer outliers at 82.5 hPa peak in July and August, but they
are fewer, with values exceeding 6 ppmv less than 1% of
the time. In the 107 profiles in the 8 year MLS global
record, H2O at 82.5 hPa exceeds 9 ppmv only 18 times:
of these, four are in July–August in the NA box, four in
April–May in the AMA box, two in January–February in the
SA box, and two in the Northeast Pacific in the Kasatochi
volcanic plume.

[10] Figures 3b and 3c show the frequency with which
MLS H2O observations in the NA box exceed a given mix-
ing ratio in a given month at 100 and 82.5 hPa. Note that
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Figure 3. (a) Time series of MLS NA 100 hPa H2O
mixing ratio PDFs. Each monthly histogram is normalized
to unity over mixing ratio. Dashed black vertical lines mark
year boundaries, and gray-shaded areas denote July–August.
(b, c) Monthly probabilities at 100 and 82.5 hPa, respec-
tively, that an NA H2O observation exceeds a given mixing
ratio. For comparison, the black dashed curve repeated
on Figures 3b and 3c is a similarly integrated Gaussian
with mean value of 5 ppmv and a standard deviation of
0.45 ppmv, consistent with November values at 100 hPa.
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•  Par.al	  Least	  square	  
regression	  remove	  
the	  contribu.on	  of	  
correlated	  fields;	  

•  Water	  vapor	  
transport	  in	  Asian	  
monsoon	  dominate	  
the	  NH	  extratropical	  
LS	  water	  vapor	  
variability.	  	  	  



What	  might	  cause	  the	  discrepancy	  between	  observa.on,	  
reanalysis	  and	  models?	  

•  ERA-‐I	  shows	  too	  
weak	  correla.on	  
between	  H2O	  and	  
tropopause	  T	  in	  the	  
Asian	  monsoon	  
region.	  

	  
•  WCAM	  and	  GISS	  
appears	  to	  capture	  
the	  observed	  
rela.onship	  
between	  H2O	  and	  
tropopause	  T.	  



•  The	  ERA-‐I	  and	  MERRA	  would	  show	  
drying	  trends	  in	  the	  NH	  
extratrpoical	  LS	  based	  on	  the	  
cooling	  of	  the	  tropopause	  
temperatures	  during	  the	  recent	  
decades	  (1997-‐2013)	  rela.ve	  to	  
earlier	  decade	  	  (1979-‐1996),	  if	  they	  
were	  able	  to	  realis.cally	  	  capture	  
the	  observed	  H2O-‐T	  rela.onship.	  

What	  cause	  the	  discrepancy	  
between	  ERA-‐I	  and	  MERRA	  
reanalysis	  and	  merged	  
satellite	  observa.ons?	  



•  WCAM	  and	  GISS	  models	  would	  simulate	  drying	  trends	  if	  they	  
were	  able	  to	  capture	  the	  cooling	  of	  the	  tropopause	  
temperatures	  in	  recent	  decades.	  

What	  cause	  the	  discrepancy	  between	  the	  models	  and	  
satellite	  observa.ons?	  



Summary	  
•  Interannual	  and	  decadal	  varia.ons	  of	  the	  NH	  extratropical	  LS	  

water	  vapor	  appear	  to	  be	  dominated	  by	  the	  tropopause	  
temperature	  in	  the	  Asian	  monsoon	  region,	  whereas	  those	  of	  SH	  
appear	  to	  be	  dominated	  by	  tropical	  tropopause	  temperature.	  	  	  

•  In	  ERA-‐I	  and	  MERRA,	  the	  discrepancy	  of	  decadal	  varia.on	  of	  the	  
extratropical	  LS	  water	  vapor	  with	  satellite	  observa.ons	  appear	  to	  
be	  due	  to	  weak	  rela.onship	  between	  water	  vapor	  and	  tropopause	  
temperatures.	  

•  In	  climate	  models	  (e.g.,	  WCAM	  and	  GISS	  IE),	  warmer	  of	  the	  
tropopause	  temperature	  appear	  to	  contribute	  to	  perhaps	  spurious	  
wedng	  the	  of	  the	  extratropical	  LS.	  


